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PREFACE
Various important biochemical reactions are catalyzed by enzymes in living
organisms. Especially, metal containing enzymes play pivotal roles of the activation of
small molecules such as CH4, O2 and NO and so on. The metalloenzyme can efficiently
catalyze chemical reactions, which are usually difficult to occur under mild condition. I
am interested in such an enzymatic reaction by metalloenzyme, and want to elucidate
their reaction mechanisms to understand “How metalloenzymes catalyze chemical
reactions so efficiently?” To answer this question, I choose the nitric oxide reductase
(NOR), which catalyzes NO reduction reaction (2NO + 2e-+ 2H+ N2O + H2O) at the
heme/non-heme iron binuclear catalytic center. The NO reduction reactions mainly occur
in a part of the bacterial anaerobic respiration, the so-called denitrification. With relevant
to this fact, it is now established that NOR shares common ancestor with aerobic
respiratory enzyme, cytochrome c oxidase (CcO), which catalyze four-electron reduction
reaction of O2. Elucidation of the NO reduction reaction mechanism by NOR could
provide us a clue to unveil how the respiratory enzymes evolutionary changed their
function from the NO reduction to the O2 reduction, I believed.
Since the reaction catalyzed by NOR is simple but contains fundamental
chemical processes such as N-N bond formation and N-O bond cleavage, the NO
reduction reaction seems to be attractive target for chemists to understand chemical
essence of the catalytic (enzymatic) reaction. So, the NO reduction reaction mechanism
by NOR has been studied by using a variety of experimental and theoretical techniques
over the past of decades, but, despite such extensive efforts, it was yet unclear due to
some experimental hurdles; i.e., the chemical changes of the nitric oxide compounds are
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too fast to be observed directly by any spectroscopic methods. So, for my purpose of the
Ph.D study, it was highly required to develop the time-resolved spectroscopic techniques
which can observe the NOR reaction process directly.
Chapter I describes the overview of my research on NOR to date and significance
of elucidation of the NO reduction reaction mechanism by NOR. In Chapter II, I
represented my trial to develope time-resolved spectroscopic systems and the kinetic
analysis of the NO reduction reaction mainly using time-resolved visible spectroscopy.
Based on the results, I have proposed a possible NO reduction reaction mechanism.
Chapter III provides the coordination and electronic structure of Intermediate 1. I
characterized the chemical structure of Intermediate I using time-resolved IR
spectroscopy and EPR spectroscopy. Finally, general conclusion obtained from the
present study with numerous efforts in my Ph. D course was summarized in Chapter IV.
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CHAPTER I. GENERAL INTRODUCTION 
 
Nitric Oxide and Denitrification system
Nitric oxide (NO) is a free radical and diffusible gaseous molecule. In eukaryotes
and some bacteria, at low concentrations, NO plays diverse and significant roles as a 
signaling molecule involved in several physiological processes (Bredt, 1992, Nisbett,
2016). In mammals, NO is generated by nitric oxide synthase (NOS) via the oxidation of
L-arginine. The NO molecule binds to heme in the enzyme, soluble guanylate cyclase
(sGC), followed by conversion of GTP into cyclic-GMP (cGMP) which is a signal
molecule involved in the vasodilation, smooth muscle relaxation and neurotransmission.
Despite these essential roles, NO is a highly cytotoxic and reactive molecule with
biomolecules (Nisbett, 2016). High concentration of NO in mammals leads to generation
of reactive oxygen and nitrogen species (Brown, 2010). Due to these two aspects, the
regulation of the intracellular concentration of NO is important for mammals. 
The regulation of intracellular NO concentration is crucial for some anaerobic
microbial organisms. NO is an important intermediate during denitrification in bacteria
and fungi. Denitrification is a form of microbial anaerobic respiration, in which nitrate
(NO3-), instead of molecular oxygen in aerobic respiration, is used as a terminal electron
acceptor to produce bio-available energy, ATP. This process consists of stepwise
reduction of nitrate (NO3-) and nitrite (NO2-) to molecular nitrogen (N2) by four met
alloenzymes (equation 1a – 1d).
NO3 + 2e- + 2H+  NO2 + H2O (1a)
- e-NO2 + + 2H+  NO + H2O (1b)
2NO + 2e- + 2H+  N2O + H2O (1c)
N2O + 2e- + 2H+  N2 + H2O (1d)
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The cytotoxic NO is generated as a product of nitrite reduction by nitrite reductase
(equation 1b). The accumulation of NO leads to cell death, but bacteria and fungi can 
decompose of NO to less toxic nitrous oxide (N2O) rapidly by nitric oxide reductase
(NOR). Since the NO concentration is crucial for survival of bacteria and fungi, it is 
interesting to analyze how NOR decomposes the cytotoxic NO efficiently.
Bacterial Nitric Oxide Reductases
Bacterial NOR is an iron-containing membrane integrated enzyme. So far, three
types of NORs have been identified, cytochrome c dependent cNOR, quinol dependent
qNOR and copper containing CuANOR (Al-Atter and de Vries, 2015). cNOR is the first
isolated NOR and extensively studied, which consists of a larger NorB subunit with 12-
transmembrane helices and a smaller NorC subunit with 1-transmembrane helix
(Hendriks et al., 2000). cNOR has heme c in the NorC subunit as an electron entry site,
low-spin heme b in the NorB subunit mediating the electron transfer from heme c to the
active center, and a high-spin heme b3/non-heme FeB binuclear active center in the NorB
subunit (Figure 1.1).
Based on similarity of the amino acid sequence, NOR belongs to heme-copper
oxidases (HCOs) superfamily (Garcia-Horsman et al., 1994, Sousa et al., 2012). This
superfamily is mainly comprised of cytochrome c oxidases (CcOs), which catalyze the 4-
electron reduction of oxygen molecule to water at its heme-copper binuclear center (O2 + 
4e- + 4H+  2H2O) and pump protons across the biological membrane in aerobic
respiration. It has been believed that NORs and CcOs are evolutionary related to each
other and share a common ancestor. However, CuB at the oxygen reduction sites of CcOs
is replaced with non-heme iron (FeB) in the NO reduction site of NORs (Figure 1.2). In
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addition, NOR does not have proton pumping ability. The structural and functional
information on NOR, therefore, should help us to know the molecular evolution of the
respiratory enzymes.
Figure 1.1. Overall structure and the active center of cNOR from Pseudomonas aeruginosa
(PDB:3O0R). The hydrophilic (gray) and hydrophobic (green and magenta) cavities are shown
as surfaces.
Figure 1.2. Comparison of the binuclear center of NOR and CcO. (a) The catalytic center of Pa-
cNOR. The non-heme FeB is coordinated by His207, His258, His259 and Glu211 in the trigonal
bipyramidal geometry. (b) The catalytic center of CcO from Thermus thermophilus (PDB:1EHK).
CuB is coordinated by His233, His282 and His283 in the distorted planar geometry.
 4 
  
              
           
         
            
         
       
          
          
          
         
           
       
               
          
       
         
         
           
            
    
 
  
CHAPTER I. GENERAL INTRODUCTION 
 
Currently, N2O from the NOR reaction is recognized as a major greenhouse gas and is
310 times more potent than CO2 on a molar basis (Wuebbles, 2009). Since the emission 
of N2O is mainly derived from enzymatic reaction in denitrification, the mechanism of
N2O production by bacteria and fungi is of interest to the field of environmental science.
Furthermore, NOR is crucial in immune system functionality. Some human pathogens, 
such as Pseudomonas aeruginosa, which is known as an opportunistic pathogenic
bacterium, have NOR to decompose NO produced as an antibacterial agent by hosts’
immune system (Vazquez-Trres and Baumler, 2016, Stevanin et al., 2005, Philippot,
2005). Thus, NOR can be a target for developing new antibacterial drugs.
In 2010, our group succeeded in determination of the crystal structure of cNOR
from P. aeruginosa (Pa-cNOR) (Hino et al., 2010). The structural information allows us 
to understand its structure and function relationship. The overall structure and catalytic
center are similar to those of CcOs as expected from the homology of the amino acid
sequences. As shown in Figure 1.1, the hydrophilic channels from periplasmic side and 
Y-shaped hydrophobic cavity from protein surface in transmembrane region were
proposed to be proton and substrate NO transfer pathways, respectively. Very recently,
the extensive effort to establish the site-directed mutagenesis system of Pa-cNOR
provided detailed functional analysis of proton transfer and substrate NO transfer
(Yamagiwa et al., 2018). However, the molecular mechanism of NO reduction reaction
mechanism remains to be unclear.
 5 
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NO Reduction Reaction
Scheme 1. Three proposed mechanisms for NOR-catalyzed reaction.
NOR catalyzes the reduction of two NO molecule to N2O using two protons and
two electrons at the binuclear active center which consists of heme b3 and non-heme FeB
(equation 1.1c) (Figure 1.2a). The NO reduction reaction is an attractive subject, because
it involves N-N bond formation and N-O bond cleavage during the reaction which are
fundamental elements of chemical reactions. Over the past three decades, the reaction
mechanism of NOR has been studied utilizing structural (Hino et al., 2010, Sato et al., 
2014), spectroscopic (Kumita et al., 2004, Moënne-Loccoz, 2007, Lachman et al., 2010,
Timóteo et al., 2011,), electrochemical (Duarte et al., 2014, Kato et al., 2018) and
theoretical (Blomberg and Seigbahn, 2012, Blomberg, 2017), as well as model
 6 
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approaches including the engineered myoglobin mimicking the active center of cNOR
(FeBMb) (Hayashi et al., 2011, Matsumura et al., 2014). Thus far, three mechanisms have
been proposed for NO reduction by NOR as shown in Scheme 1 (Moënne-Loccoz, 2007). 
The “trans mechanism” proposes one NO molecule binds to heme b3 and FeB to
form two reduced iron nitrosyl species which is described as {FeNO}7 based on the
Enemark-Feltham notation. Our previous freeze-quench EPR analysis for NO reduction
by native NOR enzyme showed simultaneous detection of the signals arising from
FeB(II)-NO and 5-coordinate ferrous heme-NO species after mixing of reduced NOR and
NO. This observation allows us to suggest the “trans mechanism” (Kumita et al.,2004).
Matsumura et al. also proposed “trans mechanism” based on the rapid-freeze quench 
resonance Raman spectroscopic analysis on the NOR model protein, engineered
myoglobin (FeBMb) (Matsumura et al., 2014). In the “cis-heme b3 mechanism”, the first
NO molecule binds to heme b3 followed by attack of the second NO molecule to the first
one. Computational studies by Blomberg and Siegbahn strongly favored this mechanism
(Blomberg and Siegbahn, 2012, Blomberg, 2017). The theoretical calculation indicated 
that intermediates which are involved to “trans mechanism” are too high in energy to be
involved in the NO reduction reaction. Abucayon et al. also proposed this mechanism
(Abucayon et al., 2018). Their spectroscopic analysis and DFT calculation using synthetic
model of bacterial NOR support “cis-heme b3 mechanism”. This mechanism shows
analogy with the mechanism for NO reduction by fungal NOR (P450nor) which has only
one heme as the catalytic center. In the case of P450nor, the first NO binds to ferric heme
iron. Then, the ferric heme-NO complex is activated by hydride (H-) from NADH to
produce the heme-nitroxyl intermediate, followed by attack of the second NO molecule
to generate N2O (Shiro et al., 1995, Obayashi et al., 1998). Finally, “cis-FeB mechanism”
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proposed that formation of {FeNO}7 only occurs at the FeB site, which was mainly
proposed by previous electrochemical studies on P. nautica. (Timóteo et al., 2011, Cordas
et al., 2013, Duarte et al., 2014).Moreover, they argue that the heme {FeNO}7 would not
be involved for the catalysis because heme {FeNO}7 is a stable product.
Despite accumulation of these information, the molecular mechanism of the NO
reduction reaction by NOR is still under debate due to the lack of direct observation of
NO reduction processes in native NOR. The rapid nature of the NO reduction reaction by
NOR has hampered the observation of the overall NOR reaction process utilizing several
conventional spectroscopic techniques, such as stopped-flow apparatus, vibrational
spectroscopic analysis by using rapid-freeze quenched enzyme due to the dead time of
sample mixing. Furthermore, the spectroscopic analysis that is an intensive means to 
establish enzymatic reaction mechanism requires a large amount of protein sample; e.g.
~20 mg of protein. This is also an important issue in spectroscopic measurements.
Therefore, to establish the entire mechanism of the NO reduction reaction, we need to
develop new spectroscopic measurement systems and apply it for the NOR-catalyzed 
reaction with minimum sample consumption.
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Aims of this study
In this thesis, to establish the molecular mechanism of the NO reduction reaction
by NOR, I conducted time-resolved (TR) spectroscopic measurements of Pa-cNOR. The
NO reduction reaction by NOR is too fast to be observed by utilizing conventional
technique such as stopped-flow measurement. I developed a new flow-flash TR visible
absorption spectroscopic system which can monitor the spectral changes on microsecond 
to millisecond timescales using a custom-made nanoliter-scale flow cell to save sample
consumption. Moreover, a caged NO compound that releases two NO molecules by UV
irradiation was used as a photo trigger and NO recourse in the TR spectroscopic analysis.
This TR spectroscopic technique was also combined with infrared absorption
spectroscopy (TR-IR), which was attached with femto-second IR right source, for
assignment of the chemical structure of reaction intermediates.
In Chapter II, I conducted kinetic analysis of the NO reduction reaction by Pa-
cNOR utilizing TR visible spectroscopy which can observe the electronic state of heme
irons. As a result, it is revealed that the NO reduction reaction consists of three kinetic
phases and two NO molecules bind to the active center of NOR step-by-step at 1st and
3rd kinetic phases. For the purpose of elucidation of timing of protonation, I conducted
TR-vis measurement for the NOR variant in which E57 located at putative entrance of
the proton pathway to the active center is substituted with alanine to retard the proton
transfer process. The result of the NOR-E57A variant indicates that proton transfer
process is coupled with second NO binding in the 3rd kinetic phase. These observations
allow us to propose the “revised trans mechanism” of Pa–cNOR.
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Chapter III describes my effort to characterize the coordination structures and
electronic states of the reaction intermediates in the NOR-catalyzed reaction. In this
chapter, I especially focus on the first reaction intermediate, Intermediate 1, since the first
NO-binding process is still unclear despite some extensive efforts utilizing conventional
flow-flash experiments with Paracoccus denitrificans and P. nautica. To characterize the
first NO molecule binding process to the active center, I tried to trap the intermediate 1
utilizing the EPR spectroscopy combined with cryo-photolysis of caged NO. I succeeded 
in observing the EPR signals at g = 4.13 and 3.95, when the annealing temperature was
raised at 160 to 180 K. The set of the EPR signal is assignable to {FeBNO}7 species with 
S = 3/2 grand state. For further characterization of the coordination structure of
Intermediate 1, I conducted TR-IR measurements. The TR-IR measurement allowed us
to observe the n(NO) band derived from Intermediate 1 at 10 µs after caged NO
photolysis, and the frequency implied the first NO molecule binds to non-heme FeB and 
O-atom interacts with heme b3. Based on these observations, I identify the first NO-
binding process in NOR-catalyzed reaction.
Finally, in Chapter IV, I summarize my TR spectroscopic studies on the NO
reduction reaction of NOR based on the results obtained in Chapters II and III, and 
propose the future perspective for the study on the NO reduction reaction mechanism of
NOR. I believe that the establishment of NOR reaction mechanism helps us to understand
the background of NOR and the other NO related enzymatic reactions. Furthermore, I
believe that the TR spectroscopic techniques developed in my study are applicable to the
kinetic study of the other met alloenzymes and photoreactive proteins.
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Chapter II. Timing of NO Binding and Protonation in the Catalytic Reaction of
Bacterial Nitric Oxide Reductase as Established by Time-resolved Spectroscopy
 
2.1. ABSTRACT
Membrane-integrated nitric oxide reductases (NOR) catalyze the formation of
nitrous oxide (N2O) from two NO molecules using two protons and two electrons at a
heme/non-heme iron binuclear center. Despite extensive efforts, the mechanism
underlying the NOR-catalyzed reaction has been poorly understood due to the rapidity of
the enzymatic reaction. Here, I utilized a photosensitive caged NO compound as a trigger
for the NOR reaction to characterize the NO reduction mechanism by time-resolved
visible absorption spectroscopy. I showed that the NOR reaction consists of three steps.
One NO molecule binds to the reduced binuclear center to form a non-heme Fe2+-NO 
species in the first phase (microsecond timescale), followed by a migration of NO to form
5-coordinated heme b3-NO in the second phase (timescale of tens of microseconds). Then,
the NO bound to heme reacts with a second NO molecule in the third phase (millisecond 
timescale), in which protonation and electron transfer promote N-N bond formation and
N-O bond cleavage to yield N2O. These findings led us to propose a revised trans
mechanism for NO reduction by NOR.
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Chapter II. Timing of NO Binding and Protonation in the Catalytic Reaction of
Bacterial Nitric Oxide Reductase as Established by Time-resolved Spectroscopy
 
2.2. INTRODUCTION
Membrane-integrated nitric oxide reductase (NOR) is a key enzyme in bacterial
denitrification, a form of anaerobic respiration that consists of consecutive reduction 
reactions from nitrate (NO3-) to dinitrogen (N2) gas and contributes to the global nitrogen
cycle. NOR catalyzes the decomposition of cytotoxic nitric oxide (NO) at its heme
b3/non-heme iron (FeB) binuclear center through the reaction 2NO + 2H+ + 2e-→ N2O +
H2O. N2O produced by NOR is both a greenhouse gas and an ozone-depleting compound
on the earth (Ravishankara et al., 2009). NOR is utilized by several pathogenic bacteria
to detoxify NO, which is generated as an antibacterial agent by the immune system
(Kakishima et al., 2007). NOR is also an attractive target for research on the molecular
evolution of respiratory enzymes because it shares the same ancestor as the aerobic
respiration enzymes cytochrome c oxidases (CcO) (Saraste et al., 1994).
The NOR-catalyzed reaction comprises electron transfer, protonation, N-N bond
formation, and N-O bond cleavage, all of which are fundamental elements of chemical
reactions. Over the past 3 decades, the underlying reaction mechanism of NOR has been 
studied using structural (Hino et al., 2010, Sato et al., 2014), spectroscopic (Moënne-
Loccoz et al., 2000, Moënne-Loccoz et al., 2007, Lachmann et al., 2010, Timóteo et al., 
2011, Kumita et al., 2014), electrochemical (Duarte et al., 2014, Kato et al., 2018), and 
theoretical analyses (Blomberg and Siegbahn, 2012, Blomberg, 2017) as well as model
approaches including engineered myoglobin that mimics the active site of NOR (FeBMb)
(Hayashi et al., 2011, Matsumura et al., 2014). From these intensive efforts, to date three
mechanisms have been proposed (Figure 2.1) but not established.
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Chapter II. Timing of NO Binding and Protonation in the Catalytic Reaction of
Bacterial Nitric Oxide Reductase as Established by Time-resolved Spectroscopy
 
Figure 2.1. Proposed mechanism for NO reduction by NOR (Moёnne-Loccoz, 2007). (a) Trans
mechanism. (b) Cis heme b3 mechanism. (c) Cis FeB mechanism.
The aim of the present study is to obtain more direct insights into NO reduction by NOR.
To this end, we followed the time-dependent optical absorption spectral changes of NOR
from P. aeruginosa in its reaction with NO and obtained spectra of each reaction 
intermediate of NOR. We used both native NOR and a mutant (Yamagiwa et al., 2018) in
which proton transfer is suppressed to understand the timing of NO binding and proton
transfer during a single-turnover reaction in NOR, allowing us to propose a mechanism
for NO reduction.
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2.3. MATERIALSAND METHODS
2.3.1. Purification of NOR
Native membrane-bound nitric oxide reductase (NOR) was obtained from P. aeruginosa
cultured under anaerobic denitrification conditions. The E57A proton transfer pathway
variant of NOR was obtained using a P. aeruginosa homologous expression system
(Yamagiwa et al., 2018). The membrane fractions were isolated and NOR samples were
purified as described previously (Hino et al., 2010, Sato et al., 2014., Yamagiwa et al., 
2018). Fractions with a A410/A280 ratio greater than 1.5 were used. The purified samples
were dissolved in 20 mM HEPES buffer, pH 7.0, 150 mM NaCl and 0.02% (w/v)
n-dodecyl-b-D-maltoside (DDM; Dojindo), and were stored at −80°C until use. The
concentration of NOR was calculated using a 411-nm molar extinction coefficient of
311 mM-1 cm-1 for the oxidized form.
2.3.2. Anaerobic sample preparation for spectroscopic measurements
Samples comprising about 300 µM purified NOR in 20 mM HEPES buffer, pH 7.0,
150 mM NaCl and 0.02% (w/v) DDM were prepared in an anaerobic glovebox (COY)
containing less than 0.05% O2. NOR was reduced by the addition of ~10 mg of sodium
dithionite (Na2S2O4) powder, followed by the removal of excess reductant using a
desalting column (HiTrap Desalting 5 mL, GE Healthcare) equilibrated with 50 mMMES
buffer, pH 6.0, 50 mM NaCl and 0.02% (w/v) DDM. The eluate was concentrated to a 
concentration less than 400 µM using a centrifugal filter unit (Amicon Ultra 50K, Merck
Millipore). The concentration was determined by visible absorption spectroscopy using a
420-nm molar extinction coefficient of 363 mM-1cm-1 for reduced NOR. A stock solution
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of 10 mM caged NO [N,N′-bis-(calboxyethyl)-N,N′-dinitroso-p-phenylendiamine]
(Dojindo) (Namiki et al., 1997) dissolved in 50 mM MES buffer, pH 6.0, 50 mM NaCl
and 0.02% (w/v) DDM was added to the fully reduced NOR solution without any
reductant to adjust the [NO]/[NOR] ratio to < 2.0 and allow monitoring of the
single-turnover NO-reduction reaction. The concentration of NO was estimated from the
quantum yield of caged NO upon 308-nm excitation. Consistent with our earlier report
(Tosha et al., 2017), the quantum yield of caged NO following 308-nm excitation using 
the above buffer condition was 1.4 as estimated by quantifying the NO-bound form of
heme-containing catalase (Figure 2.2).
Figure 2.2. The efficiency of NO generation from caged NO in the buffer system used in this
study was evaluated by quantifying the NO-bound form of heme-containing catalase. (a) Visible
difference spectra obtained by illuminating catalase (180 µMheme-basis) in the presence of caged 
NO (80 µM) with a 308-nm pulse. The difference spectra were obtained with a series of pump
energies. The positive peak at 432 nm is derived from the NO-bound state of catalase and its
position is the same in the static difference spectrum of NO-bound and resting ferric catalase
(black). (b) The pump energy dependence of NO-generation efficiency, defined as [NO-bound
catalase]/2 x [caged NO]. The dashed line represents the maximum efficiency (~70%), which
indicates that the quantum yield of caged NO upon 308-nm excitation is 1.4 using the present
buffer conditions. NO-generation efficiency was saturated at a pump energy of ~70 µJ and thus
the pump energy was adjusted to 80 µJ to maximize the photolysis of caged NO.
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2.3.3. Time-resolved visible absorption spectroscopy
The 6-ns, 308-nm light from an optical parametric oscillator (OPO) (NT230, EKSPLA)
and the microsecond white light from a Xe-flash lamp (L11316-11-11, Hamamatsu
Photonics) were used as pump and probe pulses, respectively. The TR spectra were
obtained by using a fiber-coupled spectrometer (Flame-S, Ocean Optics). The delay time
was controlled by a pulse generator (DG645, Stanford Research System) with a timing
jitter of ±20 ns. A portion of the probe beam (5%) was diverted before the sample and 
used to correct the pulse-to-pulse fluctuations of the probe light intensity. The pump and
probe beam sizes were Ø300 and Ø40 µm, respectively, and the pump energy was ~80 µJ
at the sample location. The repetition rates of the pump and probe pulses were 5 Hz and
10 Hz, respectively, allowing the measurement of a set of sequential “pump-ON” and
“pump-OFF” spectra. TR difference spectra were calculated by subtracting the
“pump-OFF” from the “pump-ON” spectra. We used a micro-flow cell and a syringe
pump (PHD ULTRA™ Syringe Pump, Harvard Apparatus) to exchange the solution 
samples. The channel width and thickness (i.e., optical path length) of the micro-flow cell
was 150 µm and 50 µm, respectively.
An anaerobically prepared sample of fully reduced NOR with caged NO was drawn
into a 1-mL gastight syringe (Hamilton). Then, the syringe was set into the syringe pump 
and connected to the micro-flow cell maintained at 10°C. The sample flow rate was
6 µL/min, allowing us to measure a set of “pump-ON” and “pump-OFF” spectra using
only 20 nLof sample. The TR difference spectrum for each delay time was recorded using 
300 accumulations and a 6 µL sample volume. For flow-flash measurements, the UV-
illuminated sample was removed from the observation cell by pumping; the time required
for sample exchange defined the detectable time window (up to 8 ms) for the present flow
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conditions (Figure 2.3). The blank spectrum (500 accumulations) was obtained using 
anaerobic 50 mM MES buffer, pH 6.0, 50 mM NaCl and 0.02% (w/v) DDM without a
pump pulse before starting the sample measurements.
Figure 2.3. Estimation of the time window of the TR visible spectroscopic measurements. The
green, red, and blue traces represent the time course of DAbs at 408, 422, and 553 nm, respectively,
obtained under the condition [NO]/[NOR] = 1.8. The dashed line indicates the limit of the time
widow in the TR-visible measurements, since gradual loss of absorption was observed after 8 ms
due to flow-out of the flashed sample. We therefore concluded that the time window on the present
flow conditions is 8 ms.
2.3.4. Kinetic analysis of the TR-visible data
The TR difference spectra were initially analyzed by global exponential fitting using Igor
Pro7 software (WaveMetrics). The TR data for native NOR were well-fitted with a triple
exponential function (eq. 1) whereas the data for the proton transfer pathway variants
were fitted by a double exponential function (eq. 2).
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!(, $) = !' − !) ∙ +,-(−.) ∙ $) − !/ ∙ +,-(−./ ∙ $) − !0 ∙ +,-(−.0 ∙ $) (1)
!(, $) = !' − !) ∙ +,-(−.) ∙ $) − !/ ∙ +,-(−./ ∙ $) (2)
Global fitting provides the apparent rate constants (k1, k2 and k3) and the associated 
spectral changes (A1, A2 and A3). A0 represents the difference spectrum of the final and
initial states.
  The global fitting analysis suggested that the 1st phase was dependent on NO
concentration. To obtain bimolecular NO binding constant, k1on, under non-pseudo first
order condition, the TR data were further analyzed using an eq. 3 in which first
exponential term in the triple exponential function is replace with equation Xi or Xii for
bimolecular reaction as follows:
!1, $2 = !' + 4 − !/ ∙ +,-(−./ ∙ $) − !0 ∙ +,-(−.0 ∙ $) (3)
( i ) [NOR]0 > [NO]0 [89]' <1 − +>([?@A]B>[?@]B)CDEFGH 45 = !) × [89;]' I1 − [89]' +>([?@A]B>[?@]B)CDEFGJ [89;]' 
( ii ) [NOR]0 <[NO]0 <1 − +>([?@A]B>[?@]B)CDEFGH 455 = !) × I1 − [89]' +>([?@A]B>[?@]B)CDEFGJ [89;]' 
[NOR]0 and [NO]0 denote the initial concentrations of fully reduced NOR and NO,
respectively. The second order rate constant k1on of the 1st phase expressed as units of
M-1s-1. Our data could also be fitted by using eq.3 and we could calculate the second order
rate constant for NO binding in the 1st phase of the NO reduction reaction by NOR.
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2.3.5. FTIR detection of generated N2O
N2O produced by the NOR reaction was detected by the n(N=N) band of N2O at
2231 cm-1 using FTIR spectroscopy at room temperature (Hayashi et al., 2009). 
Anaerobically prepared samples containing 300 µM fully reduced NOR and a
concentration of caged NO allowing the production of 800 µM NO were used for the
FTIR measurements. Approximately 25 µL of sample solution was sandwiched between 
two CaF2 windows using a 50 µm Pb spacer. The spectra (6,000 scans each) before and
after UV illumination were recorded using a FTIR instrument (Vertex 70, Bruker). 
Complete caged-NO photolysis was achieved by illuminating the sample for 30 s using a
UV light source (LS-140UV, Sumita Optical Glass).
2.3.6. Time-resolved IR measurement of N2O formation
We used a previously-designed TR-IR system (Kubo et al., 2013) with minor changes.
The femtosecond IR pulse was obtained by difference frequency generation (DFG) of the
output of an optical parametric amplifier, pumped by an integrated Ti:Sapphire
oscillator/regenerative amplifier system (Micra-5/Legend-Elite-HE+USP- /TOPAS-
prime, Coherent), and used as the IR probe light. An IR spectrum was measured in a
dispersive manner with a multi-channel (64×2) MCT detector, at 1 kHz with a boxcar
integrator system (FPAS-0144-2424, Infrared Systems Development). The 10-ns, 308-
nm pulse from a Xe-Cl laser (EX5, GAM laser), operating at 10 Hz, was used as the UV
pump light to induce the photolysis of caged NO. The UV pump and IR probe beams
were focused on the same sample point with the focal size of Ø300 and Ø130 µm,
respectively, and the pump intensity at the sample was adjusted to be ~80 µJ. The pump-
probe delay time was controlled by a pulse generator (DG645, Stanford Research System)
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with a timing jitter of 20 ns. The repetition rates of the pump and probe pulses allowed 
us to perform nearly simultaneous (<100-ms interval) measurements of the “pump ON” 
and “pump OFF” spectra. To exchange the sample solution by continuous flow, we used
a custom-made micro-flow cell and a syringe pump (PHD ULTRA™ Syringe Pump,
Harvard Apparatus), as in TR-visible absorption spectroscopy. The channel width and
thickness (i.e., optical path length) of the flow cell were 150 µm and 50 µm respectively, 
and the sample was exchanged at a flow rate of 6 µL/min. The TR-IR measurements were
repeated ten times to be accumulated and averaged. Each measurement was performed
with 1000-data accumulation.
The samples of fully reduced NOR with caged NO in a 50 mM MES buffer at pH6.0
containing 50 mM NaCl and 0.02% (w/v) DDM were anaerobically prepared. The
concentration of NOR was ~400 µM, whereas that of the caged NO was adjusted to
achieve a single turnover condition (i.e., [NO]/[NOR] ~2.0). The measurements were
carried out at 10.
2.3.7. Laser flash photolysis measurements of millisecond phase
The milli-second region (third kinetic phase) of NOR reaction was measured by using
Laser-Flash-Photolysis system (TSP-1000(M)-01, UNISOKU) with a static cell at 10℃. 
The sample containing ~2 µM of fully reduced NOR and ~ 20 µM of caged NO in H2O-
based buffer (50 mMMES pH 6.0, 50 mMNaCl, 0.02 % DDM) or D2O-based buffer (pD
6.0) was prepared and transferred into a quartz cuvette with airtight stopper in an
anaerobic glovebox (COY). The NOR reaction was initiated by photolysis of caged NO
with 5 ns pulse of 355 nm light from a Q-switched Nd:YAG laser (Minilite, Continuum).
Time-resolved absorption change at 420 nm, which corresponds to the negative peak top
   
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of the 3rd kinetic phase, was observed with a Xe flash lamp orthogonal to the laser beam
and was detected by a sub-micro-second photomultiplier attached to a monochromator.
The absorption change at 420 nm was recorded from -20 ms to 180 ms after illumination
of the pump pulse with 0.2 ms interval. Since the single pulse illumination to the sample
did not completely photolyze caged NO, the measurements were repeated 16 times to be
accumulated and averaged to obtain single set of data. Each measurement was performed
with15 and 12-data accumulation for H2O and D2O-based condition, respectively.
2.3.7. Electron Paramagnetic Resonance measurement
The X-band EPR spectra were obtained with a Bruker ELEXSYS E500 spectrometer
at Analytical Research Center for Experimental Sciences, Saga University, in continuous-
wave (CW) mode operating at ~9.58 GHz or ~9.49 GHz, equipped with an Oxford
Instruments ESR 910 continuous helium flow cryostat. Experimental parameters were
5 mWmicrowave power, 100 kHz filed modulation, 10 G modulation amplitude at 12 K.
The fully reduced NOR (~140 µM) with caged NO (~200 µM) was anaerobically
prepared and 250 µL of the sample were transferred to a quarts EPR tube (Ø = 5 mm)
with screw cup. The sample was illuminated by an UV light source (LS-140UV, Sumita
Optical Glass) at room temperature and then EPR tubes were immersed into liquid-N2 to
store the final state sample of NOR.
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2.4. RESULTS AND DISCCUTION
Here, we developed a flow-flash time-resolved (TR) spectroscopic system to
precisely monitor the visible absorption spectral changes on microsecond to millisecond 
timescales using a nanoliter-scale flow of enzyme solution (see materials and methods).
A custom designed micro-flow cell was incorporated into the system to obtain spectra
with minimum sample consumption under continuous flow. We used the caged NO
compound as a photo trigger and a NO resource for TR spectroscopic analysis of the
NOR-catalyzed reaction. The caged NO compound releases NO upon UV irradiation
within 2 microsecond, with a quantum yield of 1.4 upon excitation at 308 nm (Figure
2.4a) (Namiki et al., 1997, Tosha et al., 2017). Fully reduced ferrous NOR was
anaerobically mixed with caged NO, followed by UV irradiation. The N-N stretching 
band of N2O (2,230 cm-1) was evident in the infrared (IR) spectrum of this sample,
indicating that reduced NOR can react with photolyzed NO from caged NO to yield N2O 
(Figure 2.4b, c). The concentration of caged NO was adjusted to produce two equivalents
of NO necessary for a single-turnover reaction by NOR and the reaction was followed by
flow-flash TR spectroscopic system. As shown in Figure 2.5a, a distinct increase in Soret
absorption at 418 nm was initially observed, followed by the growth of a positive peak at
408 nm and a negative peak at 422 nm, indicative of the generation of intermediate
species during NO reduction by NOR. Singular Global exponential fitting of these
spectral changes showed that the reaction consists of three phases, with the 1st, 2nd, and
3rd phases having t values of 3.3 µs, 78 µs, and 4.0 ms, respectively.
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Figure 2.4. Reaction system using caged NO compound in this study. (a) Chemical structure of
caged NO (N,N′-bis-(calboxyethyl)-N,N′-dinitroso-p-phenylendiamine). (b) Evidence for N2O 
formation from a sample containing reduced NOR and caged NO upon UV illumination. (c)
TR-IR spectroscopic measurement of N2O generation from NOR. TR-IR spectra were obtained
by illuminating of fully-reduced NOR (~400 µM) in the presence of caged NO with a 308-nm
pulse under the condition [NO]/[NOR] = 2.0. Each difference spectrum was calculated by 
subtracting the spectrum obtained before caged NO photolysis. After t = 2.5 ms, the n(N=N) of
N2O was observed at 2230 cm-1, indicating that N2O generation occurred in the 3rd kinetic phase.
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Figure 2.5. Time-resolved visible absorption spectroscopic analyses of native NOR after caged 
NO photolysis at 10℃. (a) Experimental (red) and calculated (black) optical spectral changes
under single-turnover conditions ([NO]/[NOR] = 1.8). Each difference spectrum was calculated 
by subtracting the spectrum obtained before caged NO photolysis. (b) Three spectral changes
associated with the three kinetic phases obtained by global exponential fitting analysis. (c)
NO-concentration dependence of the rate constants (k = 1/t). The observed rate constants of the
three kinetic phases were plotted against the [NO]/[NOR] ratio.
Fitting analysis provided the spectral change in each phase (Figure 2.5b). An increase in
Soret absorption at 418 nm was observed in the 1st phase, indicating the induction of
coordination/electronic structural changes in heme. Much more prominent changes in
electronic structure were evident in the 2nd phase, giving the sharp positive and negative
peaks observed at 407 and 422 nm, respectively. Further progression of the broad negative
peak at 420 nm was observed in the 3rd phase. According to the TR-IR analysis, the
progression of 420nm peak was considered to be N2O formation (Figure 2.4c). It should
be stressed that the amplitude of the difference spectrum of the initial (fully-reduced form)
and the final state estimated from the global fitting is one third the difference spectrum of
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the fully-oxidized and fully-reduced forms, and is almost half of the static difference
spectrum between the initial and final states obtained by continuous UV illumination
condition (t = ꝏ) (Figure 2.6). 
Figure 2.6. UV/Vis absorption spectra of NOR. (a) The absorption spectra of resting oxidized 
(black) , dithionite reduced states (dashed line) and the spectrum that obtained by UV illuminating
with caged NO in static condition ([NO]/[NOR]=2.0) (blue) of NOR. (b) Comparison of the
amplitudes of the spectrum of the second kinetic phase, A2 (red), the final state in the time-
resolved measurement (black) and the difference spectrum that obtained by UV illuminating with
caged NO in static condition ([NO]/[NOR]=2.0) (blue) with the static difference spectrum of the
resting oxidized state of NOR minus the fully reduced state (dashed line).
The latter observation indicates that the 3rd phase detected by our current TR system
would be underestimated due to the limitation of observable time domain (more details
are shown below). Only two electrons should be consumed during the single-turnover
reaction and thus two of the four redox-centers retain their reduced state even after N2O 
formation, which explains the amplitude of the difference spectrum at t = ꝏ is ca.
two-third of that of the fully oxidized - fully reduced spectrum.
We conducted TR measurements and analyses on samples containing different
  
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concentrations of caged NO. As seen in Figure 2.5c, the rates of the 1st and 3rd phases
exhibited NO-concentration dependence, whereas the rate of the 2nd phase was
independent of the concentration of NO. Note that the rate of the 1st phase would be
underestimated because this rate is comparable to the NO release rate (t = ~1 µs). These
results indicate that the 1st and 3rd phases are likely associated with NO binding to the
binuclear center, and two NO molecules bind to NOR in a step-wise, not simultaneous,
manner.
To obtain the bimolecular NO-binding constant (kon1), we carried out global fitting
analysis using the equation in which the first term of triple exponential function is
replaced with bimolecular reaction under non-pseudo first order condition. The fitting
well-explained the TR data. The kon1 value was estimated to be 5.4 ´ 108 M-1 s-1, which
is consistent with the very fast CO binding (Hendriks et al., 2004). The visible spectral
change associated with the 1st phase is an increase of the Soret peak without a peak shift.
Since the initial NO binding to non-heme iron without a Soret peak shift was reported for
a NOR model, engineered myoglobin (FeBMb) (Matsumura et al., 2014), the absorption
change suggests that NO binds to FeB, not to heme b3, and weakly affects the electronic
structure of nearby heme b3. It was also suggested that in the CcO catalytic O2 reduction
reaction, O2 first binds to CuB, which is located at the position equivalent to FeB in NOR
(Einarsdorrir, 1995). Thus, taken together with the fact that FeB is more exposed to the
substrate binding pathway than heme b3 iron (Figure 2.7), it is likely that FeB plays a vital
role in the rapid capture of NO in the initial step of NO reduction. We designated this
state as Intermediate 1.
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Figure 2.7. Active site structure of NOR showing the NO-binding hydrophobic channel
(gray surface). The figure was created using PyMol software.
The 2nd phase of the reaction is independent of the NO-binding process and results
in a prominent spectral change similar to the difference spectrum of the oxidized and
reduced forms of NOR (Figure 2.6), implying that the 2nd phase may correspond to the
change of the state of heme. Given that the difference in the extinction coefficient (De) of
the spectral change is less than one third of that of the fully oxidized minus the fully 
reduced spectrum, we propose that only one of the three hemes in NOR shows oxidation 
and/or coordination structural change in the 2nd phase. Detailed spectroscopic analysis
of NOR fromP. nautica suggested that reduced heme b3 exhibits absorption peaks at ~550
and ~560 nm (Timóteo et al., 2011), and thus the observed negative peaks in the Q-band
indicate that heme b3 state could be changed to form Intermediate 2 in the 2nd phase.
Since a 5-cooridnate heme-NO species showed an absorption peak at ~410 nm in FeBMb
(Matsumura et al., 2014), we can propose that NO bound to FeB migrates to heme b3 to
produce the 5-coordinate heme-NO species with retaining the reduced states for hemes b
and c as a possible species for Intermediate 2. The formation of the 5-coordinate heme
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b3-NO species is consistent with our earlier observation that this species was detected at
0.5 ms after the mixing of reduced NOR and NO, while FeB-NO species was also detected 
at the same reaction time (more discussion is below) (Kumita et al., 2004).
In the final process, a second NO enters the NOR active site and reacts with NO in
Intermediate 2 to yield N2O. The visible spectral change in this phase is relatively small
probably due to the insufficient time domain observable by our system. To get the
absorption change at further time domain, we measured the absorption change by using
a static cell. Further absorption change that can be fitted by double exponential function 
with t = 9 ms and 120 ms was observed (Figure 2.8). It is noteworthy that this absorption
change could be also fitted by the equation assuming bimolecular NO binding reaction
M-1s-1 with second order rate constant of 3.3 ×107 (Figure 2.8). The obtained rate
constants are comparable with that for the oxidation of the electron transfer hemes (hemes
b and c) (Lachmann et al., 2010), suggesting that hemes b and c are oxidized in the
millisecond 3rd phase. This view is supported by the fact that hemes b and c in the final
state (t = ꝏ) adopt oxidized states, which are evident from the electron paramagnetic
resonance (EPR) spectrum (Figure 2.9). Thus, it is plausible that electrons are transferred
from hemes b and c to binuclear center to produce N2O and semi reduced state of NOR
is produced in the millisecond phase.
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Figure 2.8. Millisecond kinetics of the NO reduction reaction by NOR observed by flash
photolysis measurements with static cell. The NO reduction reaction was initiated by illumination
of 355-nm pulse to the sample containing fully reduced NOR (~2 µM) and caged NO (~ 20 µM)
at 10℃. The millisecond time domain of the kinetic trace at 420 nm under H2O-based (red) and 
D2O-based (blue) buffer conditions are shown. The black curves are the results of fitting by
exponential function (a) and the equation for bimolecular reaction (b).
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Figure 2.9. The final state of NOR in the NO reduction reaction characterized by EPR
spectroscopy. (a) After NO reduction reaction. The sample was prepared by the UV illumination
to reduced NOR (140 µM) with caged NO ([NO]/[NOR] = 2.0) in static condition. (b) Fully
reduced NOR. (c) Resting oxidized NOR. The spectra were recorded at 12 K. The microwave
power and modulation were 5 mW and 10 G, respectively.
Understanding the mechanism underlying the NO-reduction reaction by NOR
requires understanding which of the three steps involves proton transfer and how the
protons contribute to NO-reduction/N2O generation. We obtained insights into the timing
of proton transfer in the NOR reaction by performing TRmeasurements on a NOR variant
in which the proton transfer was suppressed. Our previous crystallographic and molecular
dynamics studies showed that Glu57 is located at the periplasmic surface at the entrance
to the catalytic proton transfer channel (Figure 2.10) (Hino et al., 2010, Pisliakov et al.,
2012).
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Figure 2.10. Proton transfer pathway variant used in this study. (a) Location of Glu57 in the
proton transfer pathway of NOR. (b) Effects of the E57Amutation on NO-reduction activity. NO-
consumption activity was measured using a NO electrode at 20°C. The NO-reduction activity of
native (black) and E57A (red) NOR was 1430±110 µmol-NO/min/µmol-NOR and 200±100
µmol-NO/min/µmol-NOR, respectively.
Indeed, substitution of Glu57 by Ala (E57A) decreased the NO-reduction activity to
14% of the native enzyme by suppressing the proton supply (Figure 2.10b) (Yamagiwa et
al., 2018). The TR visible absorption changes of E57A obtained under single-turnover
conditions are shown in Figure 2.11a. The time-dependent spectral changes are similar to
those of the native enzyme but the global fitting analysis showed that the data can be
explained by double exponential functions. The time constants of the 1st and 2nd phases
were estimated to be 2.9 µs and 82 µs in E57A, comparable to the corresponding phases
in the native enzyme. Furthermore, the computed spectral changes in the 1st and 2nd
phases are almost indistinguishable from those observed in the native enzyme (Figure
2.11b). These results unambiguously show that protons are not involved in these two steps.
On the other hand, it is noteworthy that the 3rd phase observed in the native enzyme was
missing in E57A within the time range observable using the current
  
     
    
          
         
             
             
   
 
 
           
         
           
    
 
  
Chapter II. Timing of NO Binding and Protonation in the Catalytic Reaction of
Bacterial Nitric Oxide Reductase as Established by Time-resolved Spectroscopy
 
TR spectrophotometer (< 8 ms). Furthermore, the millisecond (3rd phase) kinetics
measured with a static cell exhibited clear D2O effect (Figure 2.8). Therefore, we
conclude that the 3rd phase involves the proton transfer step in NO reduction by NOR.
We should stress here that the protonation of activated NO is required for N-N bond
formation for N2O formation.
Figure 2.11. Time-resolved visible absorption spectroscopic analyses of the E57A variant. (a)
Experimental (red) and calculated (black) optical spectral changes under single-turnover
conditions ([NO]/[NOR] = 1.8). (b) Two spectral changes associated with the two kinetic phases
obtained by global exponential fitting analysis.
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2.5. CONCLUSION
Scheme 2.1. Possible NO-reduction mechanism of NOR based on the results of the current study.
Our proposed NO-reduction mechanism for NOR based on the current findings
are summarized in Scheme 2.1, which can be compared with previously proposed 
mechanisms: the transmechanism (Kumita et al., 2004, Colluman et al., 2008, Matumura
et al., 2014, Lu et al., 2004), the cis-FeB mechanism (Timóteo et al., 2011, Duarte et al.,
2014, Cordas et al., 2013), and the cis-heme b3 mechanism (Blomberg and Siegbahn, 
2012, Blomberg, 2017, Abucayon et al., 2018) (see Figure 2.1). One of the most
prominent findings in this study is the stepwise binding of NO to the binuclear center of
NOR. Therefore, the trans mechanism we previously proposed based on a simultaneous
observation of FeB-NO and 5-coordinate heme b3-NO species by a freeze-quench EPR 
analysis (Kumita et al., 2004) needs to be revised. Our previous EPR data showed that
FeB-NO/5-coordinate heme b3-NO species was formed at 0.5 ms and was decayed with 
concomitant oxidation of hemes b and c at millisecond time region. Considering the
current data, we can propose that Intermediate 2 (heme b3-NO) can remain at 0.5 ms and
second NO might be trapped by FeB as a transient species (Figure 2.12). Then, the trapped 
NO could attack the NO molecule in Intermediate 2 to produce N2O coupled with the
oxidation of hemes b and c. The cis-heme b3 mechanism based on a theoretical calculation 
indicated that protons are used to dissociate the oxo bridge between heme b3 iron and FeB 
in the resting state (Blomberg and Siegbahn, 2012). 
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Figure 2.12. A probable coordination structure of the transient species in the 3ird kinetic phase.
The second NO molecule might be trapped by FeB and attacks the NO molecule in Intermediate
2 (heme b3-NO). Proposed transient species might be trapped in our previous freeze-quenched
EPR study (Kumita et al., 2014).
In contrast, the current data show that the protons are used for N-N bond formation.
Proton-assisted N-N bond formation was also reported in a theoretical analysis of the
mechanism of N2O formation by a binuclear ruthenium complex (Suzuki et al., 2015). 
Thus, the cis-heme b3 mechanism requires re-evaluation using the current data. The NO-
reduction mechanism of NOR can be compared with those in fungal NO reductase
(P450nor) and flavodiiron NO reductase (FNOR). The single heme of P450nor activates
NO bound to ferric iron by hydride (H-) from NADH to produce a heme-nitroxyl
intermediate, followed by the attack of a second NO to produce N2O (Shiro et al., 1995,
Obayashi et al., 1998). FNOR produces di-Fe-NO species, followed by protonation or
electron transfer from flavin cofactor to produce N2O (Weitz et al, 2018, Van Stappen et
al.,2018). Our proposed NO reduction mechanism for NOR is rather similar to that in
FNOR in terms of proton or electron assisted N-N bond formation than that of P450nor.
Since the Fe-NO species is involved in a wide variety of biological processes, our
increased understanding of the mechanism of NO reduction at the metal center will help
elucidate how nature controls the chemistry of Fe-NO species. Further characterization
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of each intermediate by TR vibrational spectroscopic analysis is currently being 
performed by our group to comprehensively determine the NO-reduction mechanism of
NOR.
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3.1. ABSTRACT
Membrane-integrated nitric oxide reductase (NOR) plays a key role in the
bacterial denitrification which is a part of the global nitrogen cycle. NOR catalyzes NO
reduction to N2O at the heme iron and non-heme iron (FeB) binuclear active center to
minimize cytotoxicity of NO. My study described in Chapter II showed that the NO
reduction reaction consists of three steps on the basis of the kinetic analysis using
time-resolved visible spectroscopy. However, this proposal lacks direct observation of the
coordination structures and the electronic states of the reaction intermediates. Here, I
characterized chemical structure of the first intermediate, the NO-bound form, by using
the electron paramagnetic resonance (EPR) spectroscopy combined with cryophotolysis
of caged NO and the time-resolved infrared spectroscopy (TR-IR). In the TR-IR
spectroscopic measurement, one NO stretching band was observed at 1683 cm-1 at 10 µs
and disappeared at 300 µs after caged NO photolysis. The EPR spectra obtained by
annealing the sample at 160 to 180 K after the cryophotolysis of caged NO showed signals
at g = ~4.0 which is characteristic g value of the {FeBNO}7 species. These data indicated 
that the first NO molecule binds to FeB at the 1st kinetic phase, and after that the first NO
molecule might move to heme b3 based on my study on Chapter II. This result supports
the 1st step of the “revised transmechanism” which is proposed from my kinetic analysis
of NOR reaction.
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3.2. INTRODUCTION
Bacterial nitric oxide reductases (NORs) catalyze the reduction of nitric oxide
(NO) to nitrous (N2O) as a part of the bacterial denitrification system. Since N2O 
produced by NOR-catalyzed reaction is known to be an ozone-depletion gas
(Wuebbles, 2009) and is 310 times more potent greenhouse gas than carbon dioxide
(CO2) (Wuebbles, 2009), NOR-catalyzed reaction is featured in environmental science. 
In addition, according to the amino acid sequence similarities, the cytochrome c
dependent oxidase (CcO) and NOR are thought to share the same ancestor. This
evolutionary relationship between them makes NOR attractive for study on molecular
evolution of respiratory enzymes. NORs belong to a heme-copper oxidases (HCOs)
superfamily, which catalyze four-electron reduction of O2 in aerobic respiration of living
systems at their heme/Cu binuclear redox active center. NOR catalyzes NO reduction
reaction at the heme b3/non-heme iron (FeB) diiron center according to equation 3.1.
2NO + 2H+ + 2e-  N2O + H2O (3.1)
Since NOR-catalyzed reaction contains N-O bond formation and N-N bond cleavage
which is the essential elements of chemical reaction, it is chemically interesting to
establish the NO reduction reaction mechanism. Despite significant advances in structural
characterization (Hino et al., 2010, Sato et al., 2014), mutagenesis studies
(Reimann et al., 2007, Beek et al., 2013, Beek et al., 2016, Yamagiwa et al., 2018), 
spectroscopic analyses (Kumita et al., 2004, Matsumura et al., 2014, Hendriks et al., 2002,
Lachmann et al., 2010) and theoretical analyses (Blomberg and Siegbahn, 2012, 
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Blomberg, 2016), the mechanism of the NOR-catalyzed reaction is still unclear. So far,
three mechanisms were proposed based on these extensive efforts: the trans mechanism
(Kumita et al., 2004, Colluman et al., 2008, Matsumura et al., 2014, Lu et al., 2004), the
cis-FeB mechanism (Timóteo et al., 2011, Cordas et al., 2013, Duarte et al., 2014), and 
the cis-heme b3 mechanism (Blomberg and Siegbahn, 2012, Blomberg, 2017,
Abucayon et al., 2018). Recently, I have succeeded in revealing that the NO reduction
reaction consists of three kinetic phases using flow-flash time-resolved visible
spectroscopy with photoreactive caged NO compound. According to my previous kinetic
analysis of NOR, the first NO molecule binds to the active center within 10 µs to form
the mononitrosyl {FeNO}7 complex (Intermediate 1) and the intermediate converted to
Intermediate 2 within ~100 µs.
To establish the molecular mechanism of NO reduction reaction, the
coordination structure and electronic state of reaction intermediates must be well
characterized. The coordination structure of the first intermediate (Intermediate 1) has
been proposed based on the flow-flash experiments. Hendriks et al. proposed that one
NO molecule binds to heme b3 at the 1st step based on the flow-flash experiment of NOR
from Paracoccus denitrificans (Hendriks et al., 2001). On the other hand, Lachmann et al.
has proposed with Pa. denitrificans that two NO molecules bind to heme b3 and FeB, 
respectively (Lachmann et al., 2010). Due to luck of direct observation of the NO
reduction reaction by NOR, the chemical structure of Intermediate 1 is still unclear. In
this study, I tried to characterize the coordination structure and electronic state of
Intermediate 1 to understand how NO reduction reaction is starting in the native NOR
from Pseudomonas aeruginosa. First, I tried to characterize intermediates using the
electron paramagnetic resonance (EPR) spectroscopy which is combined with
 40
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cryophotolysis of caged NO. Since EPR spectroscopy is sensitive to the structure of
ferrous-NO complex, {FeNO}7 species, we can easily determine which metal sites, heme
b3 or FeB, is NO binding site in the initial step of the catalytic reaction. In this study, I
utilized the EPR spectroscopy combined with cryophotorysis of caged NO and annealing 
method to trap the reaction intermediate. For further characterization of the
Intermediate 1, I conducted the flow-flash time-resolved infrared absorption
spectroscopy (TR-IR) which is the powerful technique to assign the chemical structure of
ligand binding state. So far, there are mainly three types of coordination structure of NO-
bound form in several heme/non-heme containing proteins were reported: 6-coordinated 
heme(NO), 5-coordinated heme(NO) and non-heme iron(NO) species. The NO frequency
is very specific to its coordination structure as reported 1550 to 1640 cm-1, 1660 to
1675 cm-1 and 1680 to 1760 cm-1, respectively (Hayashi et al., 2011, Matsumura et al., 
2014). Current data suggest that the first NO molecule binds to FeB, and its O atom
interacts with heme b3 in the NO reduction reaction by NOR. 
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3.3. MATERIALSAND METHODS
3.3.1. Purification of NOR from P. aeruginosa
Native membrane integral NOR was obtained from P. aeruginosa with anaerobic culture
conditions. The membrane isolation and purification methods were the same as 
previously reported (Terasaka et al., 2017). The purified NOR was concentrated to
~300 µM with Amicon Ultra 50K (MWCO, Millipore). The sample concentration was
estimated using extinction coefficient at 410 nm (e410 = 311 mM-1 cm-1) and stored at
193 K until use for spectroscopic measurements.
3.3.2. Anaerobic sample preparation for spectroscopic measurements
Samples comprising about 300 µM purified NOR in 20 mM HEPES buffer, pH 7.0,
150 mM NaCl and 0.02% (w/v) DDM were prepared in an anaerobic glovebox (COY)
containing less than 0.05% O2. To completely remove O2, the buffer, which was pre-
treated with N2 bubbling for 15 min prior to putting into the glovebox, was kept under
anaerobic condition with stirrer in the glovebox for at least 3 days. Typically, 0.3-1.0 mL
of ~400 µMNOR was reduced by the addition of ~20 mg of sodium dithionite (Na2S2O4) 
powder, followed by the removal of excess reductant using a desalting column (HiTrap 
Desalting 5 mL, GE Healthcare) equilibrated with 50 mM MES buffer, pH 6.0, 50 mM
NaCl and 0.02% (w/v) DDM. The eluted fraction was concentrated to around 400 µM 
using a centrifugal filter unit (Amicon Ultra 50K, Merck Millipore). The concentration
was determined by visible absorption spectroscopy (DS-11+, Denovix) using a 420-nm
molar extinction coefficient of 363 mM-1 cm-1 for reduced NOR. A stock solution of
10 mM caged NO [N,N′-bis-(calboxyethyl)-N,N′-dinitroso-p-phenylendiamine]
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(Dojindo) dissolved in 50 mMMES buffer, pH 6.0, 50 mM NaCl and 0.02% (w/v) DDM
was added to the fully reduced NOR solution without any reductant to adjust the
[NO]/[NOR] ratio to < 2.0 and allow monitoring of the single-turnover NO-reduction
reaction. The concentration of NO was estimated from the quantum yield of caged NO
upon 308-nm excitation. Consistent with our earlier report (Tosha et al., 2017), the
quantum yield of caged NO following 308-nm excitation using the above buffer condition
was 1.4 as estimated by quantifying the NO-bound form of heme-containing catalase.
3.3.3. EPR spectroscopy combined with caged NO cryophotolysis
The X-band EPR spectra were obtained with a Bruker ELEXSYS E500 spectrometer
at Analytical Research Center for Experimental Sciences, Saga University, in continuous-
wave (CW) mode operating at ~9.49 GHz, equipped with an Oxford Instruments EPR 
910 continuous helium flow cryostat. Experimental parameters were 5 mW microwave
power, 100 kHz filed modulation, 10 G modulation amplitude at 12 K.
The fully reduced NOR (~140 µM) with caged NO (~200 µM) was anaerobically
prepared and 250 µL of the sample were transferred to a quarts EPR tube (Ø = 5 mm)
with screw cup and then EPR tubes were immersed into liquid-N2 to store. The
cryophotolysis of caged NO was carried out at 30 K with illumination of UV light using
Xe-Hg lamp (E2423, Hamamatsu photonics) for 1-hour. To proceed the NO reduction
reaction, the sample was annealed. The annealing temperature was raised step-by-step
from 77 to 210 K, and was maintained using liquid N2 at 77 K and 2-methylbutane cooled
with liquid N2 at 160 to 210 K.
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3.3.4. Time-resolved IR spectroscopy
We used a previously-designed TR-IR system with minor changes. The femtosecond IR
pulse was obtained by difference frequency generation (DFG) of the output of an optical
parametric amplifier, pumped by an integrated Ti:Sapphire oscillator/regenerative
amplifier system (Micra-5/Legend-Elite-HE+USP- /TOPAS-prime, Coherent), and
used as the IR probe light. An IR spectrum was measured in a dispersive manner with a
multi-channel (64×2) MCT detector, at 1 kHz with a boxcar integrator system
(FPAS-0144-2424, Infrared Systems Development). The 10-ns, 308-nm pulse from a
Xe-Cl laser (EX5, GAM laser), operating at 10 Hz, was used as the UV pump light to
induce the photolysis of caged NO. The UV pump and IR probe beams were focused on
the same sample point with the focal size of Ø300 and Ø130 µm, respectively, and the
pump intensity at the sample was adjusted to be ~80 µJ. The pump-probe delay time was
controlled by a pulse generator (DG645, Stanford Research System) with a timing jitter
of 20 ns. The repetition rates of the pump and probe pulses allowed us to perform nearly
simultaneous (<100-ms interval) measurements of the “pump ON” and “pump OFF” 
spectra. To exchange the sample solution by continuous flow, we used a custom-made
micro-flow cell and a syringe pump (PHDULTRA™Syringe Pump, Harvard Apparatus),
as in TR-visible absorption spectroscopy. The channel width and thickness (i.e., optical
path length) of the flow cell were 150 µm and 50 µm respectively, and the sample was
exchanged at a flow rate of 6 µL/min. The TR-IR measurements were repeated ten times
to be accumulated and averaged. Each measurement was performed with 1000-data
accumulation at 283 K.
The samples of fully reduced NOR with caged NO in a 50 mM MES buffer at pH6.0
containing 50 mM NaCl and 0.02% (w/v) DDM were anaerobically prepared. The
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concentration of NORwas ~400 µM and this sample was mixed with caged 14NO or 15NO
to achieve a single turnover condition (i.e., [NO]/[NOR] ~2.0). Caged 14NO and 15NO
solution samples without NOR in the same buffer used for the NOR samples were also
prepared.
The spectral analysis of TR-IR measurements was conducted utilizing Igor Pro 8
software (Wavematrics Inc.). Since the caged NO solution has IR signals at frequency
regions measured in this study (1550 to 1760 cm-1) (See Appendix), the TR-IR difference
spectrum of caged NO only solution was subtracted from the difference spectrum
obtained with protein sample. Then, 14NO/15NO difference spectra were calculated to
detect isotope sensitive bands.
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3.4. RESULTS AND DISCUSSION
3.4.1. EPR spectroscopic measurements of NOR combined with caged NO
cryophotolysis
EPR spectroscopy is a powerful method to understand the electronic state of the
active center in the metalloproteins, and a combinational use of cryophotolysis of caged
NO allows us to clearly investigate whether first NO molecule binds to heme b3 or FeB. 
Trace a of Figure 3.1 shows the X-band EPR spectra of resting oxidized state and fully-
reduced NOR with caged NO which were measured at 12 K. The resting oxidized sample
showed signals assignable to heme c (gz = 3.56) and heme b (gx = ~1.40, gy = 2.26 and
gz = 3.01), and the reduced sample with showed no signals. These spectral features were
almost indistinguishable from those reported previously (Kumita et al., 2004).
Figure 3.1. The EPR spectra of NOR. Traces a and b show the resting oxidized state
(140 µM) and the fully-reduced state of NOR (140 µM) in the presence of caged NO
(200 µM), respectively. Trace c is the spectrum obtained from reduced NOR with caged
NO (Trace b) after 1-hour of UV illumination at 30 K. The microwave power and
modulation were 5 mW and 1 mT at 12 K.
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After one-hour illumination of UV light at 30K (Figure 3.1, trace c), a large signal was
observed at g = ~2.0 which can be derived from free NO radical, whereas the other signals
were not observed. This means that caged NO can release NO molecules at 30K, but the
NO molecule did not react with NOR because the diffusion of the NO molecule is
disturbed in cryogenic conditions.
I tried to trap the Intermediate 1 by stepwise warming of the EPR samples after
illumination of UV light at 30 K, followed by cooling to 77 K after each step, so-called
annealing. Figure 3.2 shows the EPR spectra of the annealed samples. The EPR spectrum
with annealing at 160 K shows new EPR signals with g = [4.13, 3.94]. The intensities of
these signals were enhanced with increasing the annealing temperature to 180K. After the
annealing at 190K, the EPR signal was disappeared. It is noteworthy to show that there
is no other EPR signals except large signals at g = ~2.0 which derived from caged NO
photolysis in the annealing experiment. The g values and the shape of this new signal
were similar to those of previously reported for the high spin {FeNO}7 species with
S = 3/2 ground state of several NO complexes of non-heme iron proteins and inorganic
compounds such as soybean lipoxygenase and EDTA-Fe complex (Table 3.1) (Nelson,
1987, Brown, 1995). Therefore, the g = [4.13, 3.94] signals could arise from FeB-NO
species, but not to heme-NO species, as suggested from the TR-vis analysis in Chapter II.
I also tried to observe the formation of the 5-coordinated heme-NO species at the same
time with the formation of FeB-NO. Figure 3.4 shows the g = ~2 region of the EPR
spectrum obtained at 35K for the sample with annealing at 175 K. The result revealed
that no 5-coordinated heme-NO species was formed at this annealing temperature.
According to these data, the first NO molecule binds to the FeB at the 1st kinetic phase.
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Figure 3.2. The EPR spectra of reduced NOR with caged NO after cryophotolysis of
caged NO and different annealing conditions. Traces a and b show the spectra before and
after cryophotolysis of caged NO, respectively. Traces c-h show the spectra after
cryophotolysis of caged NO and annealing at 77 K for 1-hour (trace c), 160 K for 30 min
(trace d), 170 K for 10 min (trace e), 180 K for 5 min (trace f), 190 K for 5 min (trace g) 
and 210 K for 3 min (trace h). The microwave power and modulation were 5 mW and
1 mT at 12 K.
Figure 3.3. The EPR spectrum with annealing at 175 K after cryophotolysis of caged NO.
The microwave power and modulation were 2.5 mW and 0.5 mT at 35 K.
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Table 3.1. EPR spectroscopic parameters of Iron-Nitrosyl adducts with S = 3/2 {FeNO}7 
configuration.
Proteins or Models g values (E/D) References
[Fe(6LTA)(BF)(NO)](ClO4) 4.02, 3.93, 1.95 (0.008) Chiou and Que, 1995
[Fe(TPA)(BF)(NO)](ClO4) 4.05, 3.87, 1.99 (0.016) Chiou and Que, 1995
[Fe(EDTA)(NO)] 4.11, 3.95, 2.00 (0.013) Brown et al., 1995
IPNSa-NO 4.09, 3.95, 2.00 (0.013) Chen et al., 1989
2,3-CTDb-NO 4.18, 3.83, 1.99 (0.029) Arceiro et al., 1985
4,5-PCDc-NO 4.09, 3.91, ~2 (0.015) Arceiro et al., 1985
Superoxide reductase-NO 4.34, 3.76, 2.00 (0.06) Clay et al., 2003
Lipoxygenase-NO ~4, ~2 (nrd) Nelson, 1987
aIPNS, isopenicillin N synthase; b2,3-CTD, catechol 2,3-dioxygenase; c4,5-PCD,
protocatechuate 4,5-dioxygenase
dnr, not reported
3.4.1. TR-IR spectroscopic measurements to observe reaction intermediates
For the purpose of further characterization of the coordination structure of Intermediate 1,
I used the TR-IR spectroscopy. According to my previous kinetic analysis on the NOR
reaction, the population of Intermediate 1 is maximized at 10 µs (Figure 3.4). To trap the
Intermediate 1, I conducted the flow-flash TR-IR spectroscopy under the single turnover
condition ([NO]/[NOR] < 2.0) at 1500 – 1750 cm-1 region at 10 µs, 300 µs and 
milli-second time scale. The spectral changes of the TR-IR 14NO/15NO difference spectra
are shown in Figure 3.5 The isotope sensitive signal was observed at 1683 cm-1 with 14NO,
which was shifted to 1655 cm-1 with 15NO, at 10 µs after caged NO photolysis and this
isotope sensitive band was disappeared after 300 µs. The isotope shift (Dn= 33 cm-1) 
correspond to that of calculated value using harmonic oscillator model of the NO unit
(Dn(NO) = 35 cm-1), suggesting that the observed IR band at 1683 cm-1 is assignable to
the NO stretching mode for Intermediate 1.
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Figure 3.4. The kinetics of reaction intermediates catalyzed by the result of TR-vis
spectroscopic analysis. Three traces show the kinetics of Intermediate 1 (red),
Intermediate 2 (green) and product N2O (blue).
Figure 3.5. The TR-IR 14NO/15NO difference spectra after caged NO photolysis of NOR
at 283 K. TR-IR measurement conducted under single turnover conditions
([NO]/[NOR] < 2.0). Each difference spectra were calculated by subtracting the spectrum
obtained with caged 15NO from caged 14NO.
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The n(NO) band at 1683 cm-1 for Intermediate 1 of NOR can be compared with the n(NO) 
obtained from several heme/non-heme iron containing proteins and inorganic compounds
reported so far. As compared with the n(NO)s in Table 3.1 (Hayashi et al., 2012,
Matsumura et al., 2014), the n(NO) of 1683 cm-1 for Intermediate 1 is within the range
for non-heme {FeNO}7 species, while the values is the lower end for these species.
Similar to the case for Intermediate 1 of NOR, very low n(NO) was reported in
flavo-diiron protein (FNOR) in which the active site is a non-heme diiron center
(Hayashi et al., 2012, Weitz et al., 2018, Van Stappen et al., 2018). In the case of FNOR,
one NOmolecule binds to one iron and O-atom interacts with another iron. Taken together
with EPR data, I propose that the first NO molecule binds to FeB and O-atom weakly
interacts with heme b3 in the Intermediate 1 (Figure 3.6).
Figure 3.6. Possible chemical structure of Intermediate 1. The first NO-molecule binds
to FeB to form of {FeNO}7 and O-atom interacts with the heme b3.
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Table 3.2. Vibrational frequency (cm-1) of heme and non-heme {FeNO}7 species.
7 n(FeNO) n(N-O)
{FeNO} species 15 15
(D N) (D N)
6cLS heme(NO) FeBMb
a1(NO) 577 (-25) 1549 (-22)
FeBMb2(NO) 578 (-25) 1544 (-25)
E-FeBMb1(NO) 560 (-24) 1601 (-31)
Sperm whale Mb(NO) 560 1613
Horse heart Mb(NO) 558 1613
Hbb (NO) 551 1615
FixLc 558 1634
dDosHd E.coli 563 1632
DosHM. thermautotrophicum 567 1639
PDEA1He 560 1637
5cLS heme(NO) FeBMb1(NO)2 end-point 522 (-12) 1660 (-30)
Cytochrome c(NO) 526 1661
Horse Mb(NO), pH4.0 524 1668
Sperm wahle H93G-Mb(NO) 535 1670
CooAf (NO) 523 1672
sGCg (NO) 529 1677
FixL (NO) 529 1675
Non-heme(NO) Hemerythrin(NO) 424 (-6) 1658 (-28)
FDPh (NO) 451 (-9) 1681 (-29)
FDP(NO)2 459 (-7) 1749 (-30)
FeBMb1(NO)2 end-point nrk 1755 (-32)
FeBMb1(NO)2 intermediate nr 1755 (-32)
FeBMb2(NO)2 intermediate nr 1759 (-33)
R2i(NO)2 445 (-7) 1742 (-29)
SORj (NO) 475 (-7) 1721 (-31)
Me2 + 
Fe(NO)(S N4(tren)) nr 1685 (-45)
Fe(EDTA)(NO) 496 (-4) 1776 (-37)
2+ 
Fe2(NO)2(Et-HPTB)(O2)(O2CPh) nr 1785 (-34)
aFeBMb, engineered myoglobin; bHb, hemoglobin; cFixL, oxygen sensor; dDosH, heme binding
domain of Dos; ePDEA1H, phosphodiesterase A1 heme-PAS; fCooA, CO sensing transcription
activator; gsCG, soluble guanylate cyclase; hFDP, flavo diiron protein; iR2, R2 subunit of
ribonucleotide reductase; jSOR, super oxide reductase
knr, not reported
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Chapter III. Direct Observation of the First Intermediate of the NOR-Catalyzed Reaction
by Using Time-Resolved IR Spectroscopy
 
3.5. CONCLUSION
In this study, I utilized the EPR spectroscopy and the TR-IR spectroscopy both of
which are the powerful techniques for observation of the electronic state and coordination
structure of NO-bound reaction intermediates in the metal containing enzymes. The
electronic state of Intermediate 1 was characterized by EPR spectroscopy combined with
the cryophotolysis of caged-NO and annealing procedure. I succeeded in observing the
new EPR signal at g = [4.13, 3.94] in the NOR sample annealed with 160K~180K. These
g values indicate the formation of FeB-NO species as Intermediate 1, based on the
comparison with previous EPR data on several non-heme iron proteins and inorganic
compounds. Further characterization of Intermediate 1 was carried out by the TR-IR
measurements. The n(NO) band of 1683 cm-1 at 10 µs suggests that one NO molecule
binds to FeB site in Intermediate 1. The n(NO) frequency is similar to that of mononitrosyl
complex {FeNO}7 in FNOR in which NO binds to one of iron of diiron active center and
the O-atom of it interacts with the other iron (Hayashi et al., 2011). Thus, I propose that
first NO molecule binds to FeB and the O-atom interacts with heme b3. In the catalytic O2 
reduction by CcO, O2 first binds to CuB, which is located at the position equivalent to FeB 
in NOR (Einarsdorrir, 1995). Thus, taken together with the fact that FeB is more exposed
to the substrate binding pathway than heme b3 iron, it is likely that FeB plays a vital role
in the rapid capture of NO in the initial step of NO reduction. I expect that this rapid
capture of NO molecule is beneficial to scavenge the cytotoxic radical molecule.
Unfortunately, I could not obtain spectral information on Intermediate 2; i.e. the
n(NO) band after 300 µs, in the current work, and therefore the chemical structure of
Intermediate 2 is still unknown. This is the next target to elucidate the molecular
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 
mechanism of NO reduction reaction comprehensively. The chemical structure of
Intermediate 2 allows us to understand how N-N bond formation and N-O bond cleavage
occur in NOR-catalyzed reaction.
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 
Chemistry catalyzed by enzymes always stimulates us to develop new catalysts
which effectively promote the chemical bond formation and cleavage to produce novel
compounds and materials contributing to our human life. This is because enzymes
facilitate chemical reactions very effectively at mild temperature and pressure by 
lowering its activation energy. For understanding the chemical mechanism catalyzed by
the enzymes, it has sometimes been required to characterize properties of short-lived 
intermediates or transition states appearing during the enzymatic reaction, which are key
states for subsequent bond formation and cleavage. Along with this concept, I have
characterized the short-lived intermediate(s) appearing in the NO reduction reaction
catalyzed by bacterial nitric oxide reductase (NOR). The NO reduction reaction catalyzed 
by NOR, 2NO + 2H+ + 2e- • N2O + H2O, is quite simple, but it contains some essences
of chemical processing, i.e. N-N bond formation, N-O bond cleavage, transfer of
electrons and protons. These chemical processes, especially N-N bond formation and N-
O bond cleavage, proceeds at the active site of NOR, i.e., at a binuclear center comprised 
by the heme b3 and non-heme FeB. 
Due to simple but essential chemistry, the NO reduction reaction mechanism
intrigues many scientists. Structural, spectroscopic, electrochemical and theoretical
techniques have been extensively utilized, but the mechanism is still controversial; so far,
there were three proposals; trans mechanism, cis-heme b3 mechanism and cis-FeB 
mechanism. There seemed to be some experimental difficulties in assigning a NO 
reduction mechanism, due to the rapid nature of its reaction rate. Then, to follow the NO-
reduction reaction by NOR, I tried to develop a time-resolved spectroscopic system
combined with custom-made micro-flow cell, and utilized the caged NO compound as a
reaction trigger to initialize the reaction. Utilizing this system, I conducted kinetic and
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 
spectroscopic analysis of the NOR-catalyzed reaction for establishment of the molecular
mechanism.
My proposal in this Ph.D thesis is summarized as follows;
1. The first NO-molecule binds to the non-heme FeB in the active center within ~10 µs to 
form the mononitrosyl complex (Intermediate 1), whose electronic and coordination
structure was characterized by IR and EPR spectroscopies.
2. The NO in Intermediate 1 would migrate to the heme b3 iron to produce the second 
intermediate (Intermediate 2) within sub-millisecond time domain.
3. The second NO and two protons (2H+) come to the active site and facilitate subsequent
N-N bond formation and N-O bond cleavage to form N2O in the millisecond time
domain.
In other words, one NO molecule activated by two electrons from the two ferrous iron
(Fe2+) in the binuclear center of NOR would react with another NO molecule and two
protons for the N2O formation.
In this Ph.D thesis, I succeeded in characterization of Intermediate 1 in detail
with spectroscopic techniques. The success would contribute to my proposal of the novel
mechanism of the NO reduction by NOR. Unfortunately, the chemical structure of
Intermediate 2 remains unclear in this thesis. I could not spectrophotometrically
characterize Intermediate 2 in more detail, in spite of my long and intensive efforts. I
have thought that the electronic and coordination structure of Intermediate 2 would be in
the five coordinated ferrous heme b - NO complex, because the EPR signal was observed
at g = 2 with three super-hyperfine splitting from 14N (I = 1) of NO in the previous rapid-
freezing EPR measurement (Kumita et al., 2004). I searched carefully for 14NO -15NO
sensitive IR band(s) in the region of 1300 – 1800 cm-1 at 10 to 5000 microsecond time
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Chapter IV. GENERAL CONCLUSION 
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domains, but could find no signal. To more firmly establish the molecular mechanism of
the NO reduction by NOR, determination of the chemical structure of Intermediate 2 is
indispensable. As one of possible reasons, I thought that the NO in the Intermediate 2
might be IR insensitive through interaction with both ferrous irons from heme b3 and FeB. 
If my thought is correct, I am expecting that the time-resolved resonance Raman spectrum
of Intermediate 2 had better be measured in combination with use of the custom-made
micro-flow cell and caged NO photolysis. This should be the next trial for the NOR study.
My achievement in this thesis would contribute not only to the chemical
understanding of the NO properties in biological system, but also to environmental
science of the earth and agriculture fields for the following reason. The NOR-catalyzed
reaction is a part of denitrification which is a form of anaerobic respiration in bacteria
and fungi. The N2O produced by denitrifiers’ NORs is a more potent greenhouse gas than
CO2 and is also known as an ozone layer destroying gas. In addition, it is believed that
NOR is evolutionarily related to cytochrome c oxidase, aerobic respiratory enzyme,
because they share a common ancestor. CcO catalyzes the 4-electron reduction of O2 to
H2O at their heme/Cu catalytic center. Elucidation of the NO reduction reaction 
mechanism of NORs allow us to understand how life eventually obtained O2 reduction
activity. Furthermore, it is also noted that some pathogens have NOR for detoxifying the
antibacterial agent NO generated by host NO synthase. Thus, establishment of the NO-
reduction reaction mechanism of NOR promotes further understanding of these several
linked backgrounds.
This thesis provides new spectroscopic techniques to follow the NOR-catalyzed
reaction with native NOR enzyme and direct observation of the catalytic reaction utilizing
these techniques. The TR-vis/IR spectroscopic systems with caged NO compound 
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developed in this study allow us to monitor the NOR reaction process. By virtue of these
techniques, I can overcome several experimental difficulties currently used, so I believe
that this TR spectroscopic technique helps the elucidation of reaction mechanism of other
metalloenzymes. Furthermore, I also tried to use EPR spectroscopy to trap the reaction
intermediates. The combination of the EPR measurement and the cryophotolysis of caged 
NO is applicable to the X-ray crystallography or another structural analysis of NORs. I
hope these findings obtained from my thesis provide a significant advance in our
understanding of several NOR related backgrounds. 
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APPENDIX FIGURES
Figure A1. The optical system of TR-visible spectroscopy in this thesis.
 67
  
 
 
 
 
           
  
APPENDIX FIGURES
 
Figure A2. The optical system of the TR-IR spectroscopy which used in this study.
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Figure A3. TR-IR 14NO/15NO difference spectra after caged NO photolysis at 10 °C. TR–IR
measurements were conducted under single turnover conditions ([NO]/[NOR] < 2.0). Each 
difference spectra were calculated by subtracting the spectrum obtained with caged 15NO from
that with caged 14NO.
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(a)
(b)
Figure A4. TR-IR difference spectra after caged NO photolysis of caged NO solution at 10 °C.
TR-IR measurements of 800 µM of caged 14NO solution (a) and caged 15NO solution (b) were
measured with the same condition as NOR sample. Each difference spectrum was calculated by
subtracting the spectrum obtained before the photolysis of caged NO.
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(a)
(b)
Figure A5. TR-IR difference spectra after caged NO photolysis of caged NO solution at 10 °C
TR-IR spectra of ~400 µM of NOR with caged 14NO solution (a) and caged 15NO solution (b)
were measured. Each difference spectrum was calculated by subtracting the spectrum obtained
before caged NO photolysis ([NO]/[NOR] = ~2.0).
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